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ABSTRACT
Ninety-day experiments were initiated in January
(Expt. 1), June (Expt. 2), and October (Expt. 3) 1972,
to characterize molting patterns of Orconectes immunis
(Hagen) at three different temperatures (20 C, 24 C,
and 28 C) and three different photoperiods (6 L, 15 L,
and continuous light). For each experiment 144 animals
were collected from the seasonally predominate size class
of that period. Light intensity was regulated to 15 foot
candles + 10. Experimental conditions were arranged in
a 3 x 3 design for statistical analysis using a completely
randomized design with factorial arrangement of treatments.
In all cases molting frequency was directly related
to temperature (0.01 level of significance). Photoperiod
did not significantly affect molting, nor were sexual
differences in molting and these parameters apparent.
Finally, no interactions between any of the parameters
were found.
In animals collected in January, successful molting
frequency was linear from 20 C (387 of the animals molted)
to 28 C (27% of the animals molted). Mortalities were low
(2%) and 117 of the animals did not attempt to molt.
In animals collected in June, 467 of the animals died
in the molt process. Of these, 11% were malformed and 35%
iv
attempted to molt unsuccessfully. Unsuccessful molting was
linear from 28 C (3 animals attempted to molt) to 20 C
(38 animals attempted to molt). At 28 C there were 22
successful molts and at 20 C,6 successful molts.
In animals collected in October, the lowest number of
successful molts, 11, occurred at 28 C and the highest
number, 35, at 24 C. Linear and quadratic regressions were
significant, indicating a relationship of successful molting
frequency to temperature up to a certain point. Fifty-five
percent of the animals did not attempt to molt and tnere was
an overall mortality of 2%.
It was suggested that temperature apparently was the
major factor involved in the molting of O. immunis in the
experimental conditions of this study.
INDEX DESCRIPTORS: molting; temperature; photoperiod;
Crustacea; Decapoda; Orconectes immunis.
TABLE OF CONTENTS
ACKNOWLEDGEMENTS 
ABSTRACT 
FIGURES
TABLES
INTRODUCTION 
METHODS AND MATERIALS 
RESULTS 
Temperature Differences 
Photoperiod Differences 
Sex Differences 
Interactions 
DISCUSSION 
Page
iii
iv
 vii
 viii
1
7
13
13
21
27
35
40
SUMMARY  48
LITERATURE CITED  50
vi
FIGURES
Page
Figure 1. One environmental chamber used for
testing Orconectes immunis  8
Figure 2. Number of molts at 20 C, 24 C, and 28 C
of 144 Orconectes itamunis for each of
three experiments. (A) Total molts.
(B) E4 molts. (C) AE4 and E3 molts for
Expt. 2 only  16
Figure 3. Cumulative molts at 20 C, 24 C, and 28 C
of 144 Orconectes immunis during each of
three experiments. (A) Expt. 1. (B)
Expt. 2. (C) Expt 3  19
Figure 4. Number of molts at 6 L, 15 L, and LL of
144 Orconectes immunis for each of three
experiments. (A) Total molts. (B) E4
molts. (C) AE4 and E3 molts for Expt. 2
only  24
Figure 5. Number of molts at 6 L, 15 L, and LL of
144 Orconectes immunis for each of three
experiments. (A) Expt. 1. (B) Expt. 2.
(C) Expt. 3 ........ . .... 26
Figure 6. Comparison of major molting patterns of
Orconectes immunis in Experiments 1, 2,
and 3  39
vii
TABLES
Table 1.
Page
Total molts and molt subdivisions of Stage
E, including number of nonmolters (NM), for
144 Orconectes immunis, under temperature
regimes of 20 C, 24 C, and 28 C, for three
experiments 14
Table 2. Number of total molts of Orconectes immunis
per ten days during three experiments under
specified conditions of temperature 18
Table 3. Mean number of days to first molt of
Orconectes immunis under three temperatures
and three photoperiods 20
Table 4. Total molts and molt subdivisions of Stage
E, including number of nonmolters (NM), for
144 Orconectes immunis, under photoperiod
regimes of 6 L, 15 L, and LL, for three
experiments  22
Table 5. Number of total molts of Orconectes immunis
per ten days during three experiments under
specified photoperiods  25
Table 6. Total molts and molt subdivisions of Stage
E, including number of nonmolters (NM), for
144 Orconectes immunis, by sex and tempera-
ture for three experiments  28
viii
Page
Table 7. Total molts and molt subdivisions of Stage
E, including number of nonmolters (NM),
for 144 Orconectes immunis, by sex and
photoperiod for three experiments  30
Table 8, Overall mean cephalothorax (CT) lengths
and wet weights (WT) before and after
three experiments, for Orconectes immunis. . 33
Table 9. Comparison of major molting patterns of
Orconectes immunis during three experi-
ments  37
ix
INTRODUCTION
Rhoades (1944) found that the natural habitats for
Orconectes immunis (Hagen) in Kentucky were the sluggish,
muddy, upland streams. In western Kentucky, it has been
introduced to farm ponds and is readily obtainable. Since
effects of temperature and photoperiod on molting patterns
of this species are unknown, an experimental study to ex-
amine these environmental conditions was initiated. Col-
lections from established populations were made in January,
June, and October, 1972, to (1) determine the influence of
three temperatures and three photoperiods on molting, (2)
determine if there are any interactions between these para-
meters and the molting phenomenon, and (3) determine dif-
ferences, if any, in molting patterns between sexes.
Few aspects of crustacean physiology are as critical
as molting. The presence of an exoskeleton for protection
and muscle attachment has advantages, but places severe
restrictions on growth. The periodic replacement of integ-
ument by molting indirectly and directly affects most aspects
of the life of a crustacean, metabolism, behavior, re-
production, and others.
At one time the term molting referred only to the actual
exuvation (ecdysis), but more recently the term has come to
include pre-molt, molt (ecdysis), post-molt, and intermolt.
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The cycle is continuous, since recovery from one molt is
immediately followed by preparation for the next. The
actual ecdysis (Stage E) takes only a short period of time
compared to the whole cycle but it is a period of mechanical,
physiological, and biological danger (Passano, 1960; Lock-
wood, 1967).
Mechanical difficulty occurs as the animal actively
withdraws from the old exoskeleton. Aiken (1968b) divided
molt State E (ecdysis) into four distinct stages: El, E2,
E3, and E4. The E4 stage was described as a successful molt,
while stages El through E3 were successive stages in which
the animals died during the molt process. In Stage El the
carapace is slightly elevated with some separation of under-
lying tissue. Stage E2 is characterized by the carapace
being thrown forward and the head withdrawn. In Stage E3
the abdomen and tail are withdrawn, and in Stage E4 the molt
is completed by withdrawal of the chelipeds and walking legs.
Physiological problems arise during ecdysis from the
heavy uptake of water which dilutes the total ion concen-
tration of the body and changes permeability of the body
surface itself. Biological difficulty occurs after the
exuvation when the animal is vulnerable to disease and pre-
dation until the new exoskeleton hardens (Lockwood, 1967).
The molt cycle of crustaceans is believed to be con-
trolled by two principle hormones, molting hormone (MR) and
molt inhibiting hormone (MIH). In addition there may be
other inhibiting or accelerating substances secreted under
3
certain conditions (Carlisle and Knowles, 1959; Passano, 1969
Tombes, 1970). The Y-organ, located in the thoracic region,
is presumed to be responsible for initiating the stages
leading to ecdysis by production of MH. Molt inhibiting
hormone, stored in the X-organ sinus gland complex of the
eyestalk, is believed to control secretion of MH. Activation
of the X-organ, by low concentration of MIH results in MH
release, from the X-organ, into circulation starting the pre-
molt phase. After initiation, the molt cycle proceeds to
completion. During intermolt, high levels of MIH inhibit
the Y-organ until sufficient metabolic reserves are stored
to restart the cycle (Carlisle and Knowles, 1959; Passano,
1960; Durand, 1960; Lockwood, 1967).
The importance of the endocrine system to molting has
been well explained andmuch work has been done (Scudamore,
1948; Passano, 1960; Durand, 1960), but the influence of
environmental stimulation and modification of this endocrine
balance has received little attention. Owing to seasonal
variation in different geographic localities, it would seem
advantageous for organisms in these areas to have some control
mechanisms for regulation of critical cycles in connection
with local environmental conditions. The population must be
prepared to avoid unfavorable conditions as well as to take
advantage of favorable ones. The controlling mechanism must
be able to reflect the changing seasons. The two most impor-
tant environmental variables, which are inherent in all environ-
mental situations, would appear to he temperature and photo-
period.
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Both temperature and photoperiod have been shown to be
important as environmental keys for crustacean molting and
some work has been done to ascertain the combined influence
of these parameters on molting (Mobberly, 1963; Bliss and
Boyer, 1964; Watson and Smallman, 1971). The influence of
temperature on molting patterns has been largely neglected.
Rather, most temperature related research has been directed
toward other metabolic activities. For example, the cray-
fish, Orconectes virilis, acclimated at 21 C, had higher
levels of oxygen consumption than those acclimated at 1 C
or 11 C (Jungreis and Hooper, 1968). Increased circulating
blood volumes and decreased intercellular water content were
also observed at 21 C. Orconectes virilis responded to low
and high temperatures by quantitative changes in overall me-
tabolism (McWhinnie and O'Conner, 1967; Jungreis and Hooper,
1968). Increased spring water temperature induced egg laying
in O. virilis, but under laboratory conditions of warm water
and darkness or cold water and long-day photoperiod, egg
laying would not take place if the ovaries had matured under
these conditions (Aiken, 1969a). Hess (1941) found that
temperature was important in causing diurnal molting in the
shrimp, Crangon armillatus. Increases in water temperature
(29 to 34 C) resulted in greater molting frequency while low
temperature (below 29 C) inhibited it, and animals held at
constant temperature also failed to exhibit diurnal molting.
Mobberly (1963) and Passano (1960) found that low water tem-
perature suppressed molting by decreasing the metabolic rate
in some crustaceans.
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Temperature undoubtedly has a great deal of influence
with regulation of cycles; however, within a season, the tem-
perature can fluctuate widely. This fluctuation could cause
the termination or initiation of a critical cycle at the
wrong time if temperature were the major control mechanism.
Daily light cycles, however, are fixed by a syncronized
yearly cycle and lend themselves as accurate control signals
year after year (Pittendrigh and Minis, 1964). There is ex-
tensive literature on photoperiod and its implications, but
most work has been done with insects (Lees, 1966; Adkisson,
1966; Beck, 1968). Photoperiod in insects has been implicated
in growth, metabolism, induction and termination of diapause,
and many other factors (Beck, 1968). By comparison, crusta-
cea have been studied very little in this regard (Aiken, 1969b)
As in other organisms, both duration and intensity of
illumination affect crustacean molting. Stephens (1955)
stated that with 0. rusticus almost no molting occurred in
complete darkness. He found that during winter months cray-
fish responded to daily illumination (10 L and 20 L) by molting
His work, however, was marked by high mortalities. Aiken
(1969b), using 0. virilis, repeated some of Stephens' work
and found additional evidence linking photoperiod to molting
with crayfish completing numerous molts with no mortalities.
Bliss (1954) found that molting in the crab Gecarcinus 
lateralis was inhibited by light intensities greater than 10
lux. Mobberly (1963) found that constant light reduced pre-
molt activity in the crayfish Faxonella clypeata.
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In a laboratory study, Aiken (1969b), found that seasonal
differences in O. virilis molting seemed to be regulated by
environmental factors, especially photoperiod. Tack (1941)
found that adult, male O. immunis molted twice a year in New
York ponds, and that both molts were associated with a change
in breeding condition. Females also molted twice a year.
Immature crayfish (under 21 mm cephalothorax length) molted
several times during a season. Molting activity ceased during
the winter. Tack made no attempt to relate his work to en-
vironmental stimuli and their influences on molting.
Variations in molt activity also have been shown for
different age-size groups of crayfish. Prins (1968) found
that O. rusticus in Kentucky reduced their yearly molting
frequency with increased age. Comparable data were provided
by Van Deventer (193i) for O. propinquus in Illinois. Van
Deventer observed that seasonal differences in the distri-
bution of adult and immature O. propinquus were different and
surmised that there was some correlation between daylength
and crayfish activity in all seasons.
Other studies dealing with crustacean molting patterns
have involved the influence of limb loss (Skinner and Graham,
1970; Stevenson and Henry, 1971), eyestalk removal (Scudamore,
1947; Mobberly, 1963), as well as the influence of unnatural
environmental conditions (Bliss and Boyer, 1963). In all
cases, physical alteration of the organism produced a tendency
to molt. However, in some cases changes in environment, such
as lack of privacy and/or low humidity, inhibited molting
(Bliss and Boyer, 1964).
METHODS AND MATERIALS
Experiments, each 90 days in duration, were initiated
in January (Expt. 1), June (Expt. 2), and October (Expt. 3),
1972. For each of the three experiments, 144 crayfish were
collected from the seasonally predominant size class of that
period. In January and June, the crayfish were collected
from Kitchen's Pond, a one-half acre, shallow farm pond in
northwestern Warren County, Kentucky. Animals collected in
January had a mean cephalothorax (CT) length of 22.7 mm and
in June, 15.9 mm. Equal numbers of males and females were
collected during both of these months. October crayfish
were collected, due to unavailability of suitable numbers of
desired crayfish in Kitchen's Pond, from Greathouse Pond, a
three-quarter acre farm pond in western Warren County, Ken-
tucky. These animals had a mean CT length of 24.4 mm (pri-
marily adults) and the sex ratio was 5 males to 3 females.
For each experiment, crayfish were placed in experi-
mental chambers (Fig. 1) under 3 different temperatures
(20 C, 21. C, and 28 C) and 3 different photoperiods in a 24
hour cycle: 6 L:18 D, 15 L:9 D, and 24 LL. Each chamber
contained its own temperature controlled water supply which
circulated throughout its six subdivisions. These subdivisions
comprised the compartments among which two duplications of
each of the three photoperiods were randomized.
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Figure 1. One environmental chamber used for testing
Orconectes immunis. (A) Reservoir containing
thermostatically controlled heating/cooling
system. (B) Individual compartments. (C) Re-
ceptacle for 4 crayfish. (D) Water pump. (E)
Fluorescent light wrapped with opaque tape to
reduce light intensity to 15 f.c. + 10.

9
Circulation of 75 liters of water within each chamber
was by a gravity system powered by a pump (Fig. 1D) beneath
each chamber. Water collected at the bottom was pumped to
the top of the chamber, through a glass wool, activated
charcoal filter system, and then into a temperature control
reservoir (Fig. IA), at approximately 6 liters per minute.
Here, a thermostatically controlled freon cooling system
alternated with an immersion heater to maintain the designated
temperature within 0.5 C. Water then entered the top two
compartments and flowed throughout the system, recirculating
as described above. Complete circulation of water within
the chamber was thereby accomplished in approximately 4
minutes. Tap water was used in all experiments and water
levels adjusted frequently to correct for evaporation. Water
within each chamber was completely changed and the compart-
ments cleaned every three weeks.
Crayfish were arranged within plastic basins (Fig. 1B)
by being confined in one of two partitioned plastic trays
(4 crayfish per tray) which were partially immersed in
water (Fig. 1C). These trays provided 585 mm2 of crawling
surface and 200 ml of water directly available to each cray-
fish. Holes were drilled through the trays to allow for
free water circulation and transparent plastic tops were
placed on each tray to prevent animals from escaping. In
this manner, 48 crayfish were individually housed in each
experimental chamber.
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The three photoperiods used in these experiments were
provided by time-controlled fluorescent lights within the
compartments. In each compartment, one General Electric
Cool White 15 watt bulb (F15T12:CW) was suspended 22 cm
above the water level (Fig. 1E). Intensity was measured at
the water surface and adjusted to 15 foot candles + 10, by
partially wrapping bulbs with opaque tape. Trays were ran-
domly rearranged weekly to insure equal reception of light
intensity by experimental animals. Tray tops were wiped
daily and reduced the visible spectrum light intensity less
than 107. The ultra-violet light band, however, was reduced
by approximately 587 while passing through the plastic lids.
Each chamber was provided with a light secure, insulated
cover and each compartment was light secure from the others.
All animals were fed approximately 0.5 gram per week
of an experimental high protein diet obtained from Dr.
Samuel Myers, Louisianna State University. Excess food was
removed from the trays after 24 hours and weighed. Fecal
material was removed on alternate days.
After collection, animals were brought from the field
to the laboratory. Crayfish were held in containers until
ambient temperature (22 C) of the laboratory was reached.
Animals were than randomly placed in each tray, compartment,
and chamber. Equal numbers of sexes were placed in each
chamber, compartment, and tray whenever possible. Each
experiment was officially started 48 hours after the animals
were assigned to their respective chambers. During the first
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week of each experiment all animals were weighed to the
nearest gram, sexed, and the CT measured to the nearest
millimeter (tip of rostrum to base of carapace). Sexual
stage of the male crayfish was determined and recorded as
to the form (Form I, sexually nature; Form II, sexually im-
mature). Weights, length measurements, and sex determinations
were also taken at the termination of each experiment.
Animals were checked daily throughout the course of
each experiment. Exuviae were removed and the date of molt,
molt type (El, E2, E3, or E4 after Aiken, 1969b), and sexual
form of the males were recorded on standard record sheets.
Females were checked for the presence and degree of formation
of cement glands. An additional subdivision of Stage E, des-
ignated aberrant E4 (AE4) was recognized, in which the walking
legs became entangled with the exuvium and resulted in mal-
formed appendages. Animals in this condition usually died
within one week.
Using three experimental chambers, the design of each
experiment was based on a 3 x 3 completely randomized design,
using temperatures, 20 C, 24 C and 28 C (one temperature for
each chamber) and duplicate photoperiods of 6 L, 15 L, and
LL within each chamber. After each experiment, all molt
data were treated using a completely randomized design with
factorial arrangement of treatments (Steel and Torrie, 1969).
Standard analysis of variance (ANOV) was calculated for each
experiment. Factorial arrangement of treatments allowed for
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separate analysis of temperature, photoperiod, sex, and
for any interactions among the parameters tested. A linear
and quadratic regression analysis was further performed on
treatment sums of squares to gain further information on
molting patterns (Cochran and Cox, 1957).
RESULTS
Temperature Differences
In Experiment 1 (January), frequency of molting was
greatest at 20 C (Table 1). There was a total of 51 E4
molts, 5 of which were double molts, and only two animals
failed to molt. The relationship was statistically signi-
ficant at the 0.01 level. At 28 C, a total of 39 animals
molted, 37 molted successfully. One each died in stages
E3 and El. Nine animals failed to molt and none molted
more than once. Numbers of non-molters were linear from
20 C (2) to 28 C (9) and there was a significant relation-
ship (0.01 level) between non-molters and temperature.
In Experiment 2 (June), there was a completely dif-
ferent molting pattern. Only during this period were the
numbers of AE4 and E3 molts significant. As temperature
decreased the number of E3 molts increased, while the ma-
jority of AE4 molts (14) occurred at 24 C (Table 1). Statis-
tically, the relationship was highly significant (0.01) for
E3 molts, but there was no significant statistical difference
detected between AE4 molts and temperature. A total of 38
E3 molts occurred at 20 C while only 3 were recorded at
28 C (significant linear relationship). At higher temper-
atures the frequency of E4 molts increased significantly
13
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(0.01). A total of 28 E4 molts occurred at 28 C. There
were 3 double molts, 1 triple molt, and 21 animals failed
to molt. At the other extreme there were 6 E4 molts (none
double) and only 2 animals failed to molt. The relation-
ship ofnon-molters to temperature was linear (0.01 level
of significance) for 20 C (2) to 28 C (21).
In Experiment 3 (October), animals molted less fre-
quently and there were more non-molters (81) than during
any other experimental period (Table 1). A total of 37
E4 molts occurred at 24 C; also, 2 double molts and 13 non-
molters, while at 28 C there were 11 E4 molts and 36 non-
molters. There was a highly significant (0.01) statistical
difference between molt frequency at 24 C (highest number
of E4 molts; lowest number of non-molters) and molt fre-
quency at 28 C (lowest number of E4 molts; highest number
of non-molters).
The patterns for E4 and total molts were similar in
Experiment 1 and Experiment 3 in that the majority of molts
were E4 (Fig. 2A and 2B). In Experiment 2, however, numbers
of E4 molts increased from 20 C to 28 C (Fig. 2B) while
numbers of total molts peaked at 24 C (Fig. 2A). There was
no significant occurrence of AE4 or E3 molts in either Exper-
iment 1 or Experiment 3, but in Experiment 2 these types
dominated, thus producing the discrepancy between total and
E4 molts (Fig. 2C).
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Figure 2. Number of molts at 20 C, 24 C, and 28 C of
144 Orconectes immunis for each of three
experiments. (A) Total molts. (B) E4 molts.
(C) AE4 and E3 molts for Expt. 2 only.
Expt. 1. Expt. 2. -- Expt. 3.
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In Table 2 and Fig. 3 are shown the number of molts
at 10-day intervals and the cumulative numbers for 90 days
for temperature. During Experiment 1, animals at 20 C and
24 C started molting on day 20 with the majority of molts
occurring between 20 and 30 days. At 28 C, animals molted
similarly except for I molt between day 0 and day 10 (Fig.
3A). In Experiment 2, molting commenced on day 1, except
at 20 C, and was sporadic for the remainder of the experi-
ment. Between day 20 and day 30 there was an increase in
molting at 20 C (Fig. 3B). At 20 C, during Experiment 3,
animals did not begin molting until day 40, the greatest
number occurring between 40 and 50 days. At 24 C molting
started on day 20. The largest number of molts occurred
during the last 10 days. Sporadic molting occurred at 28 C
(Fig. 3C). Molting at 20 C and 24 C followed a closely
parallel pattern, while at 28 C it was consistantly lower
(Fig. 3).
Mean days to first molt versus temperature for the
three experiments are shown in Table 3. During Experiment
1, days to first molt were shortest (18.07 days) for ani-
mals at 24 C and approximately equal, 24.50 days and 25.23
days, for animals at 20 C and 28 C, respectively. In Ex-
periment 2, animals molted at 24 C in the shortest time
(19.28 days) while approximately the same mean times were
found at 20 C and 28 C. In Experiment 3, the mean time to
first molt was 37.33 days at 28 C, 51.00 days at 20 C, and
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Figure 3. Cumulative molts at 20 C, 24 C, and 28 C of
144 Orconectes immunis during each of three
experiments. (A) Expt. 1. (B) Expt. 2. (C)
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Table 3. Mean number of days to first molt of O. immunis
for three experiments under three temperatures
and three photoperiods.
Experiment
Female
Male
Overall
Temperature
20C
25.19
23.95
24.50
24C
19.19
16.57
18.07
28C
21.13
21.13
25.23
1 6 L 26.70 12.90 33.20
15 L 16.00 19.00 24.30
LL 20.05 16.30 24.50
Female 19.69 31.38 31.06
Male 18.86 29.33 36.60
Overall 19.28 30.35 33.50
2 6 L 20.00 25.00 26.00
15 L 17.00 27.00 39.00
LL 18.00 27.00 29.00
Female 43.91 49.92 13.00
Male 72.25 67.80 49.50
Overall 51.00 55.02 37.33
3 6 L 81.00 78.00 36.00
15 L 41.00 44.00 28.00
LL 43.00 44.00 39.00
21
55.02 days at 24 C. In all experiments there were approxi-
mately 20 days from the shortest to the longest mean days
to first molt. Animals in Experiment 1 had the shortest
interval (18.07 days) while those in Experiment 3 had the
longest mean interval (55.02 days). Mean days to second
molt was shortest in Experiment 2 (50.73 days) and longest
in Experiment 3 (83.00 days). In Experiment I mean days
to second molt was 76.09 days.
Photoperiod Differences
There were no statistically significant influences
either in molting or non-molting with regard to the three
photoperiods tested. In Experiment 1, a total of 50 molts
occurred at 15 L, 46 at LL, and 42 at 6 L. Except for 1
E3 and 1 El all molts were E4 (Table 4). The greatest
number of molts, during Experiment 2, occurred under LL
(48) while there were 46 at 6 L and 47 at 15 L. Most molts
were AE4 and E3. Aberrant E4 molts were linear from LL (6)
to 6 L (9) and E3 molts were highest (24) at 15 L and approx-
imately the same number between 6 L (17) and LL (18). There
were 24 E4 molts at LL, 20 at 6 L, and 20 at 15 L (Table 4).
During Experiment 3, molting was approximately equal at all
photoperiods (6 L, 20; 15 L, 22; and LL, 22). There were
no significant numbers of unsuccessful molts and E4 molt
patterns paralleled total molt patterns (Table 4).
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Molting patterns under the three photoperiods were
similar for Experiment 1 and Experiment 2 (Fig. 4A).
During Experiment 1, molting increased linearly from 6 L
to LL and in Experiment 2 molting increased to 15 L but
dropped slightly under continuous illumination. Molting in
Experiment 3 tended to be linear from short-day to long-day
photoperiods (Fig. 4A).
Comparison of total and E4 molts revealed little or
no differences between Experiments 1 and 3. However, during
Experiment 2, there a significant difference (Fig. 4A and
4B). A sharp decline in molting from LL to 15 L (Fig. 4B),
then an increase from 6 L to 15 L (Fig. 4C), indicating
that AE4 and E3 molts were responsible for the discrepancy
between total and E4 molts.
During Experiment 1, except at 15 L, molting commenced
on day 10 and the greatest number of molts occurred between
day 20 and day 40 (Table 5, Fig. 5A). At 15 L molting
started on day one and continued sporadically throughout
the experiment. During Experiment 2, molting at all photo-
periods started on day one and was random throughout the
experiment (Table 5, Fig. 5B). In Experiment 3, molting
frequency was the same from day one to day 90 at 15 L and
LL while at 6 L only one molt occurred between day one and
day 50, while most molting occurred during the last 10 days
(Table 5, Fig. 5C). Molting patterns at 15 L and LL were
similar during all experiments, but under 6 L molting fre-
quency was much lower during Experiment 3 and slightly
24
Figure 4. Number of molts at 6 L, 15 L, and LL of 144
Orconectes immunis for each of three experi-
ments. (A) Total molts. (B) E4 molts (C)
AE4 and E3 molts for Expt. 2 only.
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Figure 5. Number of molts at 6 L, 15 L, and LL of 144
0. immunis for each of three experiments.
(A) Expt. 1. (B) Expt. 2. (C) Expt. 3.
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lower in Experiments 1 and 2 (Fig. 5).
Sex Differences
In Experiment 1, 71 males and 65 females molted.
Twenty-nine males molted at 20 C and 29 females molted at
24 C. Twenty-three males and 16 females molted at 28 C.
The E4 molts followed this same pattern for both sexes
(Table 6). Both sexes had 4 double molts, 4 males at 20 C
and 4 females at 24 C. Two male molts were unsuccessful
(1 E3 and I El), while all females molted successfully.
During Experiment 2, 71 males and 74 females molted.
Most animals molted twice, the second one usually resulting
in death (e.g. El, E2, E3, or AE4). The greatest fre-
quency of molting for both sexes occurred at 24 C (32 for
each sex) and the lowest frequency occurred at 28 C (males,
17 molts; females, 22 molts).
In Experiment 3, 43 males and 21 females molted.
Twenty-seven males and 12 females molted at 24 C. The
lowest frequency of male molting was at 28 C (4) and for
females the fewest molts occurred at 20 C. The lowest
frequency of male molting occurred during this experiment,
with females molting significantly less often than the
males.
The influence of sex on molting under the specified
photoperiods is shown in Table 7. During Experiment 1,
sex differences in molting under the three photoperiods
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were slight with males tending to molt more frequently
than females, except at 15 L. Males in Experiment 2
molted slightly more frequently at 15 L while at 6 L and
LL the opposite was true. The high mortalities during
this experiment were random under the three photoperiods.
In Experiment 3 there were fewer molt attempts at all
photoperiods than in the other two experiments, with males
molting more frequently than females.
To facilitate analysis, data from duplicate photo-
periods within chambers were combined. Statistical ANOV
confirmed that there was no significant influence of sex
on molting during any of the experiments, except for Exper-
iment 3 in which a significant (0.05) difference was de-
tected. Owing to the unequal sex rations in Experiment 3,
the difference was believed to be a Type I statistical
error, viz, rejection of the null hypothesis when it may
be true (Steel and Torrie, 1969).
In all experiments, mean days to first molt for males
was consistantly shorter than for females (Table 3). For
both sexes it took longer for the first molt to occur
during Experiment 3 (50.63 days) than during Experiment 1
(22.95 days).
Total mean CT lengths and wet weights for both sexes
before and after each experiment are shown in Table 8. The
mean size range of animals used in Experiment I was 21.0 mm.
The animals showed a mean CT gain of 1.7 mm and a 0.30 g
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Table 8. Overall mean cephalothorax (CT) lengths and wet
weights (WT) before and after three experiments
for 144 O. immunis (CT in mm and WT in g; Data
for Expt. 2 are lacking due to large number of
mortalities).
Experiment 1
CT
Before
CT
After
R
Gain
WT
Before
WT
After
R
Gain
Overall mean 21.0 22.7 1.7 2.57 2.88 0.30
Male total mean 20.9 22.6 1.7 2.56 2.87 0.31
Female total mean 21.1 22.8 1.7 2.59 2.89 0.30
Experiment 2
Overall mean 15.8 0.79
Male total mean 15.8 0.78
Female total mean 15.9 0.81
Experiment 3
Overall mean 24.3 24.8 0.5 4.07 4.27 0.20
Male total mean 24.4 24.9 0.5 4.35 4.58 0.23
Female total mean 24.3 24.7 0.4 3.80 3.97 0.17
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gain in wet weight at the end of Experiment 1. The mean
size of animals used in Experiment 2 was 15.8 mm. Because
of excessive mortalities, carapace and wet weight data
were not available. In Experiment 3, the mean CT length
was 24.3 mm and the average wet weight was 4.07 g. Adult
animals were used in this experiment and immatures were
used in the other experiments. At the outset of Experiment
3, males were larger and heavier than females, but there
were no appreciable size or weight gains at termination.
Sexual forms of males were checked at the beginning
of each experiment, after each molt, and at the end of each
experiment. All males collected during Experiment 1 (Janu-
ary) and Experiment 2 (June) were Form II. During each of
these experiments, males molting went from Form II to Form
II and were all Form II at the end of each experiment. In
Experiment 3 (October), males of both Forms were collected,
70% of which were Form I. Although these animals molted
during the experiment, their Form, whether Form I or II,
did not change, regardless of the number of molts.
At the beginning and end of each experiment, all fe-
males were checked for the presence and stage of cement
gland development according to the scale of 1 to 4 of
Stephens (1952). Only during Experiment 3 (October) did
collected females have cement glands. At this time cement
glands were judged to be in Stage 1 (just developing). At
the end of Experiment 3, the cement glands of all 18 females
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were approaching Stage 4 (highly developed) of Stephens
(1952). No oviposition occurred during this experiment
and degree of ovarian maturation was not determined at the
end of the experiment.
Interactions
The use of a completely randomized design with fac-
torial arrangement of treatments allowed for the analysis
of any interactions between the main treatments tested.
Interaction analyses were performed for temperature-photo-
period influence on molting, for temperature-sex influence
on molting, for photoperiod-sex influence on molting, and
for influence of all three treatments on molting. Except
for a significant temperature-sex interaction (explained
earlier) in Experiment 3, there were no significant dif-
ferences detected relating to molting.
Mean days tc first molt for the three experiments
under the various photoperiods and temperatures are shown
in Table 3. Days to first molt tended to be consistantly
shorter at 15 L for all temperatures. During Experiment
1, the shortest time to first molt was 16.00 days at 15 L
and 20 C. The longest time span to first molt was 33.20
days at 6 L and 28 C. In Experiment 2, the shortest time
to first molt, 17.00 days also occurred at 15 L and 20 C.
The longest period between molts was 39.00 days at 15 L
and 28 C. Mean days to first molt in Experiment3 was 28.00
36
days at 15 L and 28 C, while the longest period was 81.00
days at 6 L and 20 C. Mean days to first molt at all photo-
periods and temperatures was longer in Experiment 3 than
for any other experiment. There were no statistically
significant interactions between temperature and photo-
period and their combined influence on molting.
Molting patterns in Experiment 1 and 3 were success-
ful (E4) with little or no molt associated mortalities.
During Experiment 2, however, E4, AE4, and E3 molts played
major roles in the molting patterns (Table 9, Fig. 6).
More molting occurred in Experiment 2 (141 total molts)
than in either of the other experiments (Expt. 1, 138 total;
Expt. 3, 64 total). No acceptable statistical analysis
could be applied, but there appeared to be sizeable dif-
ferences in molting frequencies between Experiments 2 and
3. Similar molting patterns were found in Experiments 1
and 3, but there were significantly fewer E4 molts in Exper-
iment 3.
E4 molts
A significant difference was also apparent between
in Experiments 2 and 1 (Fig. 6). The greatest
number of E3 molts occurred during Experiment 2 correspond-
ing with and E4 decrease. Only during Experiment 2 was a
significant number of E3 (58) and AE4 (23) molts recorded.
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Figure 6. Comparison of major molting patterns of 0.
immunis in Experiments 1, 2, and 3.
Total molts  E4 molts
AE4 molts • • • E3 molts  •

DISCUSSION
In ponds in western Kentucky, Orconectes immunis is
exposed to seasonal fluctuations that range from 4 C, and
sometimes colder in the winter, to 30 C in the summer.
Across its range of distribution it is subjected to even
more harsh conditions. Orconectes immunis collected during
three different Kentucky seasons exhibited distinctive
molting patterns which may have been dependent upon pre-
conditioning provided by the season in which the animals
were collected. Aiken (1969b) suggested that the history
of a crayfish population would contribute greatly to its
pattern of molting and that populations experiencing dif-
ferent environmental conditions prior to experimental place-
ment would exhibit different molting characteristics.
When animals were collected in January for Experiment
1, the water temperature was 4 C and the crayfish were tor-
pid. On placement in experimental temperatures, the cray-
fish commenced molting after only eight days. It is well
documented that crayfish in northern climates cease molting
during the winter months (Creaser, 1934; Van Deventer, 1937;
Tack, 1941; Caldwell and Bovbjerg, 1969). Many authors
(Scudamore, 1948; Aiken, 1969a; Tombes, 1970; and others)
suggest that during winter inactivity there is a build-up
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of molting hormone (Mu) and that, upon release from this
state, these reserves are called into play to initiate
molting.
Scholander et al. (1953) stated that the metabolic
rate of any poikilotherm is inherently sensitive to am-
bient temperature changes, metabolic processes behaving
like other chemical reactions in this respect. An in-
crease in molting frequency from 20 C to 28 C, therefore,
might have been expected, but the greatest number of molts
occurred at 20 C instead. Mobberly (1963) foundthat low
temperature suppressed molting by decreasing metabolism
and Passano (1960) further suggested that low temperature
may block some critical stage in the molting process.
Perhaps high temperatures during certain seasons may act
in this manner. Kamiguchi (1971) found that molting in
Palaemon paucidens, a freshwater prawn, increased with
temperature increases until a critical temperature thres-
hold was reached at which point molting was inhibited and
mortalities were common. It would seem, then, that in the
case of 0. immunis, temperature was the triggering mech-
anism for molting in Experiment 1, possibly stimulating
the release of stored molting hormone. Molting, therefore,
may not necessarily be entirely dependent upon metabolic
activity.
In Experiment 2, a totally different molting pattern
was found. Even though the number of total molts was high,
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most of these molts resulted in mortalities. There was a
highly significant relationship between E3 molts and tem-
perature. The higher number of E3 molts at low temperatures
seemed to indicate some sort of blockage, similar perhaps
to that suggested by Mobberly (1963) and Passano (1960),
except that in this case high temperature was involved.
Aberrant E4 molts also were predominant during Experi-
ment 2. They occurred randomly and were not statistically
significantly related to temperature. Significant, how-
ever, was the fact that only during Experiment 2 did these
molt types occur in the molting patterns. Aiken (1969b)
suggested that molt mortalities possibly could be caused
by an imbalance of hormones, resulting from improper environ-
mental signals intitiating or terminating molting at times
unfavorable for the survival of the molting crayfish.
During Experiment 2, there was a highly significant
relationship between temperature and E4 molts, most E4
molts occurring at higher temperatures. If the history of
crayfish populations is important, as suggested by Aiken
(1969b), then during the summer months, when water tempera-
tures increase in the field (25 C at time of collection
for Experiment 2), this increased temperature, by increasing
metabolism, might have triggered the molt.
In Experiments 1 and 3, both total molts and E4 molt
patterns were similar. Compared with the other two experi-
ments, in Experiment 3 there was a significant decrease
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in molting frequency. Tack (1941) stated that in the fall,
just after mating, 0. immunis molted in preparation for
winter (the second of two yearly molts among adults). In
Experiment 3, the lowest number of molts occurred at 28 C,
but the highest number of molts occurred at 24 C. Linear
and quadratic regression analyses were significant for these
data, indicating that up to a certain point high tempera-
ture stimulated molting. Prins (1968) found that 0.
rusticus  in Doe Run, Meade County, Kentucky, ceased molting
at temperatures below 10 - 12 C. In the ponds around
Bowling Green, water temperature began to decrease during
the fall (11 C at time of collection for Experiment 3) and
animals became sluggish. It is possible, then, that at
28 C molting was blocked, as suggested earlier. Crayfish
used during Experiment 3 were borderline adults (24.4 CT)
and this may be a reason for the reduced molting frequency
observed. In the fall as water temperature is decreasing,
animals might be conditioned to the colder temperatures in
preparation for the on-coming winter. If this is the case,
exposure to warmer temperatures may take longer than the
length of this experiment (90 days) to overcome this winter
conditioning. Other factors involved in this reduction of
molting may have been that 707 of the males were mature,
Form I, or that crayfish for this experiment came from a
different pond.
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In the present experiments, no significant mortalities
were observed in either Experiment 1 or 3 but there were
high mortalities in Experiment 2. These mortalities are
puzzling and no hypothesis can be formulated as to their
cause. Possibly the artificial environment caused an im-
balance of hormones as Aiken (1969b) suggested.
In all experiments, temperature also had an influence
on non-molting animals. Significant linear correlation of
temperature to non-molters, along the same pattern as seen
for E4 molting, was observed. This tends to strengthen
the concept, discussed here, that temperature is possibly
the major factor for initiating molting in 0. immunis in
Kentucky.
Both Stephens (1955) and Aiken (1969a, 1969b) have
implicated photoperiod as an important mechanism for the
initiation of crayfish molting. Stephens found that 0.
rusticus, during winter months, responded to daily photo-
period (10 L and 20 L) by exhibiting a tendency to molt
and that molting frequency increased with longer photo-
periods. His work, however, was marked by high mortalities.
Aiken, on the other hand, found few mortalities with 0.
virilis and a high number of successful molts under the
same conditions reported by Stephens.
At no time during this study was there an indication
of a photoperiod influence on molting. In most cases there
were slightly more molts recorded at the long-day photo-
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periods, but, statistically, molting occurred randomly
throughout the photoperiods in all experiments.
In Experiment 2, when unsuccessful molts were numerous,
there was no indication, as Aiken (1969b) suggested, that
improper signals, via photoperiod, were implicated in the
unsuccessful attempts. As previously stated, these mor-
talities were significantly correlated to temperature.
In the ponds around Bowling Green, the greatest danger
to molting crayfish is present during the summer and fall.
Temperature during these periods fluctuates widely and,
according to Pittendrigh and Minis (1964), it is during
these periods that animals are most susceptable to improper
stimuli. If this is the case, then improper stimuli from
either or both temperature and photoperiod may be impli-
cated. The idea of "threshold" photoperiods or temperature-
photoperiod interactions was not supported by the present
experiments.
Molting in crayfish results not only in size increase
but also functions in the regulation of sexual cycles.
Immature 0. immunis molt many times during a year until
they reach sexual maturity at 20-23 mm CT (Tack, 1941;
Caldwell and Boybjerg, 1969). In Experiments 1 and 2 all
males collected were Form II. The majority of males col-
lected for Experiment 3 were Form I (70%). All Form II
males in the three experirents molted from Form II to Form
II, even those undergoing double molts. When Form I males
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molted they too did not change the Form with which they
started. Many species of crayfish frequently overwinter in
the Form I condition and molt to Form II in the spring
(Van Deventer, 1937; Tack, 1941; Smart, 1962; Prins, 1968;
and others). No mention of males molting from Form I to
Form I could be found in the literature; however there is
evidence that adult males of some species can molt from Form
II to Form II (Prins, 1963). Form I to Form I changes were
random within photoperiods, but at 24 C more changes of this
nature occurred (the majority of molting during Experiment
3 was at 24 C also).
Perhaps the experimental temperatures during Experiment
3 caused a modification in the male sex hormone that regu-
lates the cycle change. Scudamore (1943) hypothesized that
the male sex hormone, in the testis, may regulate the cycle
of changes in sexual form at the time of molt. Word and
Hobbs (1958) found that cyclic activity within the testis
of the crayfish Cambarus montanus acuminatus was correlated
to the change in sexual form.
Effects of temperature and photoperiod also have been
linked to sexual conditions in the female crayfish. Aiken
(1969a) found that in female 0. virilis complete ovarian
maturation required 4 to 5 months at low temperatures and in
complete darkness. Increased photoperiod induced ovarian
maturation and decreased photoperiod stabilized the ovary in
its mature condition in Procambarus simulans (Perryman, 1969)
and Cambarellus shufeldti (Lowe, 1961). The molting of fe-
males may then be linked with these physiological changes.
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In the present study, the presence of cement glands in
mature October females, was observed during Experiment 3.
At the start of the experiment all cement glands on collected
females were examined and found to be in Stage 1 of Stephens
(1952). At termination, all cement glands had developed to
approximately Stage 4. Regardless of temperature or photo-
period, development of the female cement glands was the same
under all conditions. Stephens (1952) found that long-day
photoperiods accelerated cement gland development in O.
rusticus.
At no time during these experiments were there any
significant influences of photoperiod or sex on molting of
O. immunis, nor were there any significant interactions of
the parameters tested on molting.
SUMMARY
1. Three ninety-day experiments were initiated in January
(Expt. 1), June (Expt. 2), and October (Expt. 3), 1972.
The influences of three photoperiods (6L, 15 L, and LL)
and three temperatures (20 C, 24 C, and 28 C) on the
molting patterns of immature and adult O. immunis were
examined.
2. In the first experiment there was a significant linear
relationship in molting from 20 C (51 molts) to 28 C
(39 molts). Mortalities were about 27, and all molts
were successful, E4 molts.
3. In the second experiment there were high mortalities
(467) among aberrant (AE4) and E3 molt types. As tem-
perature decreased E3 molts increased while E4 molts
increased with temperature. Both E4 and E3 molting
re significantly (0.01 level) related to temperature.
4. In the third experiment mortalities were low (2%), but
the number of animals not attempting to molt was high
(557). The highest number of molts occurred at 24 C
(35) and the lowest number at 28 C (11). The majority
(907G) of the molts were E4.
5. Regardless of the number of molts undertaken, males that
molted did so without changing sexual form.
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6. Molting among male and female crayfish was random and
no significant relationship was detected between sex
and molting frequency under the various temperatures
and photoperiods treatments.
7. In all experiments there was a highly significant
relationship between temperature and molting.
8. No significant photoperiod influence, at 15 f.c., on
molting was found, nor were there interactions among
treatments influencing molting.
9. Temperature apparently was the major factor influencing
the molting patterns of 0. immunis in the experimental
conditions of this study.
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